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Net primary productivity (NPP) is enhanced under future atmo-
spheric [CO2] in temperate forests representing a broad range of
productivity. Yet questions remain in regard to how elevated
[CO2]-induced NPP enhancement may be affected by climatic vari-
ations and limiting nutrient resources, as well as how this addi-
tional production is distributed among carbon (C) pools of different
longevities. Using 10 years of data from the Duke free-air CO2

enrichment (Duke FACE) site, we show that spatially, the major
control of NPP was nitrogen (N) availability, through its control on
canopy leaf area index (L). Elevated CO2 levels resulted in greater
L, and thus greater NPP. After canopy closure had occurred,
elevated [CO2] did not enhance NPP at a given L, regardless of soil
water availability. Additionally, using published data from three
other forest FACE sites and replacing L with leaf area duration (LD)
to account for differences in growing season length, we show that
aboveground NPP responded to [CO2] only through the enhance-
ment of LD. For broadleaf forests, the fraction of aboveground NPP
partitioned to wood biomass saturated with increasing LD and was
not enhanced by [CO2], whereas it linearly decreased for the
conifer forest but was enhanced by [CO2]. These results underscore
the importance of resolving [CO2] effects on L to assess the
response of NPP and C allocation. Further study is necessary to
elucidate the mechanisms that control the differential allocation of
C among aboveground pools in different forest types.

carbon allocation � global change � nitrogen availability � pine plantation

Current studies and modeling exercises indicate a very signif-
icant role for terrestrial ecosystems in sequestering carbon

(C) and potentially mitigating increases in atmospheric CO2
concentrations ([CO2]) (1, 2), with forests contributing �80% of
terrestrial net primary productivity (NPP) (3). Recent analysis
(4) found a surprisingly consistent enhancement of NPP under
elevated [CO2] across closed-canopy temperate forest ecosys-
tems ranging greatly in productivity. This study suggested that in
forests with low native canopy leaf area index (L), much of the
[CO2]-induced enhancement of NPP resulted through an en-
hancement of L, whereas in forests with mid- to high levels of
native L, most of the enhancement of NPP came through an
increase in photosynthetic efficiency (4). Several questions de-
serve further attention: (i) How does the potential for enhance-
ment change with other resource availability (e.g., water and
nutrients), and (ii) how is the additional C gained under elevated
[CO2] partitioned among C pools of differing longevities? Both
questions are crucial to understanding the likely effect of
elevated atmospheric [CO2] on long-term C sequestration in
forests.

Ecosystem productivity shows great spatial and temporal vari-
ability. Spatial variability in productivity is most obvious among
different ecosystems, resulting from differences in incoming solar
radiation, temperature, precipitation, soil properties, and the spe-
cies adapted to local conditions (5, 6). Variation in forest produc-
tivity can occur at much smaller scales, influenced by resource

availability (7). In addition, there is often great interannual vari-
ability in global and local C sinks within terrestrial ecosystems,
which has frequently been linked to climate variability (8, 9). As
humans continue to alter their environment by increasing atmo-
spheric [CO2], changing the nitrogen (N) cycle, and contributing to
a changing climate, it becomes ever more critical to understand how
these changes impact and can possibly be mitigated by terrestrial
ecosystems.

Forests are generally expected to become greater C sinks as
atmospheric CO2 levels rise (10–12). However, nutrient limita-
tions (13–15) and increasing water deficits with climate change
(16, 17) may prevent many forested regions from fully realizing
dramatic increases in C sequestration. Interactions of [CO2],
available nutrients, and water must be studied to predict C sinks
within forests under future conditions and to inform policy and
economic guidelines (18). Yet few long-term studies explore the
interaction of elevated [CO2] with other growth resources on
forest C processes.

Much of the spatial and temporal variability in ecosystem
productivity is moderated by differences and disruptions in
canopy leaf area (L). Canopy L controls light interception and
thereby stand productivity (5, 19, 20). It also affects hydrological
processes and thus the dynamics of soil water (21, 22) and litter
production, thus the dynamics of nutrient cycling (23, 24).
Maximum attainable L is primarily controlled by site quality, as
defined by soil conditions, including nutrient availability, water-
holding capacity and rooting volume, and long-term climate (25,
26). Many forests do not reach their genetic potential in maxi-
mum L because of water or nutrient limitations (16, 19, 27).
Beyond site-imposed constraints on L, year-to-year variation in
climate conditions also introduces variability in L, with species
having the shortest leaf longevities being most responsive to
climate variation. Climate controls not only the display of foliage
(in terms of both foliage production and loss) but also the
performance of L, through stomatal and biochemical limitations
to photosynthesis (5). Prolonged climate-induced stresses to
ecosystems are reflected in a reduction in L. Thus, L serves as
an integrator, reflecting multiple constraints on site productivity
(28); this is particularly useful when assessing C and energy
exchanges with the atmosphere at a regional and larger scale.

Quantitative analyses of the products of photosynthesis (i.e.,
gross primary productivity; GPP) frequently partition C into
three categories: aboveground NPP (ANPP), aboveground
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maintenance respiration and total belowground C allocation,
which includes allocation to root production, respiration, rhi-
zodeposition, and mychorrizal fungi. The potential C storage in
an ecosystem depends on the pattern of allocation of C between
and within these pools. Greater investment of C into long-lived
biomass, namely wood (both aboveground and in coarse roots),
yields an increase in C storage, whereas allocation to leaves and
fine roots does not represent significant contributions to C
storage in biomass. These tissues are short-lived and decompose
quickly, although some decomposition products will be added to
recalcitrant soil C pools (29). Allocation to different plant parts
varies among species and has frequently been correlated to
resource availability [e.g., higher allocation to roots in dry or
infertile sites (30)]. Thus, site resources can impact potential C
storage.

Here we use 10 years of data from the Duke free-air CO2
enrichment (FACE) site to investigate spatial and temporal
causes of variability in L and NPP and in the [CO2]-induced
enhancement of these factors. We expand the scope of our
analysis to include recent synthesis data from three other forest
FACE sites (4) to investigate the generality of findings on NPP,
ANPP and L relationships across temperate forest ecosystems
displaying a 5-fold range in canopy L. Finally, we explore how the
fraction of ANPP partitioned to wood biomass changes with L.

Results
Averaged across the entire duration of the Duke FACE exper-
iment (1994–2003), N availability exerted a strong control over
LD (Fig. 1A; R2 � 0.91 and P � 0.001 for current; R2 � 0.94 and
P � 0.007 for elevated), with elevated [CO2] resulting in higher

LD at the same N level (P � 0.001). Note that we use one value
for growing season length in each site, making the relationships
with site LD and L statistically identical. The [CO2]-induced
enhancement in LD was greater with increasing N; the relative
enhancement in LD under elevated [CO2] was �13% over the
entire N range, nearly doubling in absolute value from the lowest
to highest N. Following from the strong dependence of LD on N,
NPP was also well related to N (Fig. 1B; R2 � 0.83 and P � 0.001
for current; R2 � 0.73 and P � 0.067 for elevated). Given few
replicates, analysis of covariance (ANCOVA), with [CO2] as the
main effect and available N over the native range as a covariate
(Fig. 1B), indicated a strong [CO2] � N interaction effect on NPP
(P � 0.0525).

Even after accounting for N effects, plot level LD and NPP
both show considerable variation within the experimental period
(see error bars in Fig. 1). This variation can be attributed to a
number of causes: variations in water availability, the occurrence
of a severe ice storm in December 2002 resulting in canopy
damage and changes in sink dynamics (31), and changes in LD as
the stand progressed to a closed canopy state (Fig. 2A). Before
canopy closure (through 1998), NPP at a given LD was higher
than NPP after canopy closure and was unrelated to LD (P �
0.176). Averaging over the pre-canopy closure period, LD (1.2
and 1.3 for current and elevated [CO2]) was not different (P �
0.322), but NPP (693 g C m�2 at current and 873 g C m�2 at
elevated [CO2]) was 26% higher under elevated [CO2] (P �

A

B

Fig. 1. Five-year (fertilized plots) to 10-year (unfertilized plots) plot-level
average leaf area duration (LD; m2 � yr m�2) (A) and NPP (g C m�2) (B) as
functions of soil-available N under current and elevated atmospheric [CO2] in
Duke FACE. Error bars indicate 1 SE among years.

A

B

Fig. 2. Annual dynamics of leaf area duration at Duke FACE under current
and elevated [CO2] (LD; m2 � yr m�2) (A) and NPP (g C m�2) as a function of LD

under wet and dry conditions, as defined by growing season precipitation
minus potential evapotranspiration (B). Smaller symbols in B indicate data
from dry conditions; relationships were not significantly different between
current and elevated [CO2] under wet or dry conditions.
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0.002). After canopy closure, NPP was linearly related to LD (Fig.
2B; P � 0.001) and was 18–21% higher at elevated [CO2] (all P �
0.016) under native soil fertility in years without severe moisture
limitation (i.e., growing season precipitation minus potential
evapotranspiration � 0).

Drought reduced NPP at all LD, and the negative effect of
drought increased with increasing LD; the reduction in NPP was
180 g C m�2 at the lowest LD and 380 g C m�2 at the highest LD
(Fig. 2B). Despite the difference in the shapes of the relation-
ships of LD and NPP vs. N (Fig. 1), elevated [CO2] did not affect
the response of NPP to LD regardless of soil moisture (P � 0.197
for the 2001–2002 dry years; P � 0.313 for wet years).

When NPP and LD data were pooled across the four FACE
sites [supporting information (SI) Table 1], after excluding the
data from drought years and before canopy closure at Duke
FACE, NPP was linearly related to LD (Fig. 3A; n � 40, P � 0.001
for both current and elevated [CO2]; regression analysis was
performed on single treatment-year data points, but we show
treatment means and standard errors of each site) and signifi-
cantly higher under elevated [CO2] (P � 0.039). Although the
range in LD within each study is much narrower than the
combined range (see standard errors in Fig. 3A), the relationship
with NPP in each site could also be described by a linear fit, with
the exception of Oak Ridge National Laboratory (ORNL)
FACE (Fig. 3B). Differences between the [CO2] treatments in
the relationship of NPP and LD were significant only for the mid-
to high LD sites of ORNL-FACE (P � 0.020) and in the
combination of Populus nigra and Populus alba at POP-
EUROFACE (P � 0.0572, primarily because of slope differ-
ence). Similar to the relationship of NPP with LD (Fig. 3A),
ANPP� showed a linear relationship with LD (Fig. 3C with data
used as in Fig. 3A; n � 40; P � 0.001). However, in contrast to

the relationship with NPP, the relationship of ANPP� with LD
was similar in current and elevated [CO2] (P � 0.279), because
ANPP� in ORNL-FACE and POP-EUROFACE joined the
Duke FACE and AspenFACE sites in having a single relation-
ship with LD under both [CO2] treatments (Fig. 3D).

Ignoring the little C invested in the production of reproductive
organs (32), we defined ANPP� to include woody biomass and
foliage production and the construction respiration associated
with forming both these tissues. Across the broadleaf systems,
the fraction of ANPP� partitioned to wood production showed a
saturation response with increasing LD (Fig. 4; R2 � 0.52, P �
0.001). No difference in partitioning was detected between

A

C D

B

Fig. 3. NPP (A and B) and ANPP� (C and D) as functions of leaf-area duration (LD; m2 � yr m�2) at the four FACE sites. Regressions were fitted to the combined
individual treatment-year data from the four sites, but treatment averages for all years within a site (with 1 SE) are shown (A and C). The treatment-year data
for each site and the within-site regression fits are shown in B and D. Symbols for species: Duke FACE; P. taeda (circles for unfertilized, up triangles for fertilized),
ORNL-FACE; L. styraciflua (diamonds), POP-EUROFACE; P. alba (inverted triangles), P. nigra (squares), Populus euramericana (diamonds with dot), AspenFACE;
Populus tremuloides (circles with dot), P. tremuloides/Betula papyrifera (squares with dot), with filled symbols representing elevated [CO2]. For cases in which
current and elevated [CO2] have different responses (in A and B), dashed and solid lines are used for these treatments, respectively.

Fig. 4. The fraction of ANPP� partitioned to wood as a function of leaf area
duration (LD; m2 � yr m�2) at the four FACE sites. Duke FACE data are shown
in Inset. Symbols and lines are as in Fig. 3.
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elevated and current [CO2] treatments (P � 0.964). In contrast
to the saturation seen in the broadleaf systems, the fraction of
ANPP� partitioned to wood biomass linearly declined with
increasing LD in the coniferous forest at Duke FACE (Inset in
Fig. 4; R2 � 0.38, P � 0.043 current [CO2]; R2 � 0.79, P � 0.001
elevated [CO2]). The difference in regression lines means that
elevated [CO2] resulted in �3.5% more ANPP� being parti-
tioned to wood (P � 0.001). Data from the severe drought year
of 2002 and the post-ice storm year of 2003 were not included in
this analysis, because the partitioning during these years re-
f lected recovery from disturbance and was decoupled from
standing L.

Discussion
Depending on N availability, elevation of atmospheric [CO2] led
to an 11–15% increase in LD in a pine forest with a hardwood
component. The [CO2]-induced enhancement of NPP depended
on available N, such that the NPP enhancement was largest at
midrange N availabilities. This led to a different pattern of
[CO2]-induced enhancement of NPP than of LD over the range
of available N (Fig. 1). After canopy closure, elevated [CO2] did
not enhance NPP at a given LD, under either wet or dry
conditions (Fig. 2B). We also demonstrate that in a range of
temperate forest ecosystems the [CO2] effect on NPP resulted
from a combination of [CO2]-induced LD increase (at low LD)
and increase in photosynthetic efficiency (at mid- to high LD),
consistent with the previous synthesis (4). However, we discov-
ered that the relationship between ANPP� and L was consistently
unaffected by elevated [CO2]—[CO2]-induced enhancement of
ANPP� was attributable only to a [CO2]-induced LD increase. A
single ANPP� to LD relationship for both [CO2] treatments
means that any change in ANPP� is mediated through a change
in LD. This underscores the importance of LD in driving forest
response to elevated [CO2]. LD integrates much of the response
of aboveground productivity to [CO2] and nutrient availability in
these stands. Finally, we show that partitioning of aboveground
productivity to woody biomass increases and saturates with
increasing LD for broadleaf stands with no apparent [CO2] effect
but shows a linear decline in the coniferous forest with a clear
[CO2]-induced enhancement.

The foundations of these results are familiar. Fertilization
studies in the southeastern U.S. have repeatedly demonstrated
that L in many Pinus taeda forests is limited by nutrient avail-
ability (commonly N, but can also be P, K, and others), and that
nutrients are usually more limiting than water (19, 27). There-
fore, it is not surprising that Duke FACE LD would be well
related to soil N availability. Further, our results show there is an
interaction of [CO2] and N in determining the increase in LD
over the native and imposed (fertilized) range in N availability
(Fig. 1A). It is also well known that L governs light interception
and is therefore a major determinant of productivity (5, 19, 20).
The increase in LD with available N results in an increase in NPP
(Fig. 1B); however, the relationship of NPP and N is linear under
current [CO2], whereas NPP saturated with N under elevated
[CO2], resulting in an NPP enhancement that is greatest at the
midrange of N availability.

Although N explains much of the spatial variability in Duke
FACE NPP, a good deal of variability remains. This variation
results from a number of causes, including stand development,
extreme variation in water availability (with growing season
averaged volumetric soil water availability ranging from 0.18 to
0.31 m3 m�3), and damage from severe ice storms (e.g., Decem-
ber 2002), which reduced the canopy and the aboveground C sink
strength (31). Before canopy closure (in �1999), elevated [CO2]
resulted in a greater NPP at a given LD, and LD was associated
with higher NPP than at the same LD generated by disturbances
after canopy closure. This may reflect a change in canopy
photosynthesis as light became limiting. Drought can affect NPP

by reducing production at a given L, through effects on stomatal
conductance, photosynthetic rate, and sink strength, and by
reducing L. In contrast to drought-induced photosynthetic re-
ductions, drought-induced foliage loss can impact canopy-level
photosynthesis over several seasons. Ice storms are associated
with a traumatic reduction in L of evergreen species and
extensive damage to branches where new growth would normally
occur, reducing growth by both lowering L and the potential
aboveground sink for carbohydrates (31, 33). We found that
regardless of the cause of the variation in LD (see Fig. 2A), after
canopy closure at Duke FACE both current and elevated [CO2]
shared a similar NPP vs. LD relationship, which was equally
shifted lower when drought reduced the efficiency of L (Fig. 2B).

The previous synthesis of data from multiple FACE sites (4),
from which we drew much of our additional data (4), demon-
strated that the fraction of the [CO2]-induced NPP enhancement
that was attributable to increased absorption of photosyntheti-
cally active radiation declined as L under current [CO2] in-
creased. This observation implied that most of the NPP gain in
forests with low L would come through increases in canopy L,
whereas in forest with mid- to high L nearly the entire NPP
enhancement would result from an increase in light-use effi-
ciency. Although our results reflect a different way of quanti-
fying the NPP response to elevated [CO2], the outcome is largely
congruent with the conclusions of the earlier work (Fig. 3A).
However, focusing the analysis on ANPP� revealed that its
response to elevated [CO2] was entirely explained by the re-
sponse of LD, rather than increased photosynthetic efficiency.
This pattern held both within sites and among sites (Fig. 3 C and
D). Expressing NPP and ANPP� under current and future [CO2]
conditions as a function of LD would facilitate assessments of
elevated [CO2] effects by remote sensing.

LD explained much of the variability in the partitioning of C
to wood, a moderately long-term C storage pool. For broadleaf
forests, we found that the fraction of ANPP� partitioned to wood
saturated with increasing LD, and the relationship was unaf-
fected by [CO2] (Fig. 4). Based on the observed pattern, where
elevated [CO2] resulted in higher LD, the fraction of ANPP�
partitioned to wood increased; given the shape of the relation-
ship, elevated [CO2] effects were noticeable especially at the
lower range in LD. That a greater fraction of ANPP� is parti-
tioned to wood as LD increases is supported by previous findings
that as growing conditions improve, a greater proportion of NPP
is partitioned to wood (e.g., ref. 34). The saturating form of this
relationship could reflect the increase in average canopy specific
leaf area (SLA) that occurs as an increasing fraction of the
canopy is shaded, allowing higher L for the same amount of C
(e.g., refs. 35 and 36). Indeed, SLA increased 3-fold down the
sweetgum canopy (37) and nearly doubled down the poplar
canopies (38).

Conversely, for the pine, the fraction of ANPP� partitioned to
wood biomass decreased as LD increased (Fig. 4 Inset). This
decrease of �10% for a near doubling of L may reflect the effect
of shoot structure on the light environment within the canopy
and a lesser ability of P. taeda to increase SLA. The SLA in the
bottom third of the pine was only 30–50% greater than SLA in
the top third (39). Moreover, unlike the finding for the broadleaf
forests, elevated [CO2] enhanced the fractional allocation to
wood at all levels of LD. Thus, although [CO2]-induced enhance-
ment in LD might result in higher ANPP� in both broadleaf and
coniferous forests, changes in the fractional allocation to wood
will depends on (i) how high LD is in current [CO2], and (ii) how
much it will increase in elevated [CO2].

We express wood fraction in relation to ANPP� rather than
NPP, because estimating NPP, including root and mychorrhizal
production and root exudates, is difficult and prone to errors,
whereas ANPP is better resolved and more commonly available.
Had wood partitioning been expressed instead as the fraction of
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NPP, it would represent a greater fraction in all sites except
ORNL-FACE. This reflects the relatively high partitioning to
roots observed at that site (13), as apparent from the difference
in the position of the site when ANPP� rather than NPP is
assessed against LD (Fig. 3 B and D). Nevertheless, a large
amount of unexplained variation remains in the partitioning of
ANPP� to wood among the broadleaf species after accounting
for the effect of LD. The unexplained variation will likely persist
until further studies replace the empirical correlations shown
here with a mechanistic model that accounts for interaction
effects of growth resources, including [CO2], on C uptake and
allocation.

Combined with a companion study demonstrating that C parti-
tioning below ground and its enhancement under elevated [CO2]
are related to LD (40), the results here underscore the importance
of resolving [CO2] effects on L to assess the response of C allocation
in forest ecosystems. Our study suggests that the enhancement of
forest C sequestration in elevated [CO2] will occur only when site
resource availability allows an increase in LD and thus will depend
greatly on site conditions. However, in addition to the increase in
[CO2], future climate may include increased frequency of canopy
disturbing events and potentially of droughts (41, 42). We show that
such factors can have large effects on LD and thus C sequestration.
Estimating forest C sequestration in the future must account for the
combined effects of all climate change variables on C uptake and
transformation.

Materials and Methods
The Duke FACE experiment is located within a loblolly pine (P.
taeda L.) plantation established in 1983 on moderately low-
fertility acidic clay-loam soil (Enon Series) in Orange County,
NC (35°58�N, 79°08�W; elevation 163 m). The climate is warm
and humid in summer and moderate in winter, with a mean
annual temperature of 15.5°C. Precipitation occurs evenly
throughout the year, with a long-term mean of 1,145 mm yr�1.
Common broadleaf species include sweetgum (Liquidambar
styraciflua) in the mid- to upper canopy and Acer rubrum, Ulmus
alata, and Cornus florida in the mid- to lower canopy.

In 1993, the FACE prototype (FACEp), a 30-m diameter plot,
and an adjacent untreated reference plot were established. CO2
enrichment (550 ppm during daylight hours of the growing
season) began in 1994 according to the FACE protocol (43). In
1998, the FACEp and its reference plot were both split in half,
and one-half of each received yearly N fertilization (11.2 g N m�2

y�1); five additional reference plot pairs (10 � 10 m) were
established nearby, and one member of each pair was fertilized
(14). The replicated FACE experiment (n � 3; also 30 m
diameter) began CO2 enrichment (�200 ppm) in 1996. Data
included in this analysis span the period 1994–2003.

Because losses of N from this system are small (44–46),
available N (g N m�2 yr�1) was defined as the sum of N
mineralization (measured in 1998; ref. 44), deposition (45), and
fixation (46). For N-fertilized plots, it was assumed that half of
the applied 11.2 g N m�2 yr�1 was available for plant uptake (47).
Annual N mineralization rates for 1998 from the six FACE plots
were used to develop a relationship between mineralization rates
and leaf N concentrations, which was applied to 1998 leaf N
concentrations taken in the FACEp plot complex to estimate N
mineralization rates in these plots.

Three other FACE experiments have been conducted in forest
ecosystems: ORNL-FACE in Oak Ridge, TN; AspenFACE in
Rhinelander, WI; and POP-EUROFACE in Tuscania, Italy.
ORNL-FACE was located in an existing L. styraciflua planta-
tion, whereas the other sites are composed of Populus species
(sometimes in combination with Acer saccharum or Betula
papyrifera at AspenFACE) exposed to elevated [CO2] since stand
initiation. All three are young, temperate, broadleaf forests
ranging greatly in productivity and L (see ref. 4 for site charac-

teristics). All sites are composed of plots either 25 or 30 m in
diameter and use FACE technology to increase and regulate
[CO2]. Detailed descriptions of site configurations and protocols
are published elsewhere for ORNL-FACE (48), POP-
EUROFACE (49), and AspenFACE (50).

At the Duke FACE site, total canopy L was reconstructed by
using data on leaf litterfall mass and timing, SLA, and allometry for
broadleaf species and needle litterfall [lagged by 2 years to account
for foliage longevity (51)] and timing, combined with needle
elongation rates and fascicle and shoot counts, for P. taeda. P. taeda
L before 1996 was determined allometrically (52). Peak L was taken
from published data for ORNL-FACE (37) and POP-EURO-
FACE (38, 53), whereas for AspenFACE, L available under current
conditions (4) was multiplied by the [CO2]-induced enhancement of
leaf biomass (54). To facilitate analysis across sites with different
growing season lengths and leaf longevities (particularly for decid-
uous vs. evergreen), L was expressed as leaf area duration (LD; m2

� yr m�2). Because of the relative stability of growing-season L in
the three broadleaf sites, LD was calculated as peak L multiplied by
the fraction of the year that is considered growing season. In the
Duke FACE site, the large intra-annual variation of L necessitated
LD be calculated as average growing season L multiplied by the
fractional length of the growing season. Further, the understory
hardwood L was discounted by the ratio of pine to broadleaf SLA
(g m�2) to normalize the canopy to a single species as in the other
sites. The same growing season length was used for elevated and
current [CO2] treatments at each site, because data from ORNL-
FACE (37), POP-EUROFACE (38), and Duke FACE (55) have
not shown [CO2]-induced changes in L or wood growth dynamics.

In addition to P. taeda, the analyses of NPP for Duke FACE
included the production of woody (stems, branches, and roots �5
mm), foliage and fine-root biomasses for broadleaf species, most of
which were in the understory. Woody biomass production was
determined from the annual difference in allometrically derived
standing woody biomass between consecutive years (56, 57). Foli-
age production for P. taeda was determined by lagging collected
litterfall masses by 2 years to account for foliage longevity and, for
broadleaf species foliage production, was based on same-year
litterfall masses. Fine-root production was taken from published
sources (58). Biomasses were converted to C by using C contents of
0.48 for aboveground P. taeda wood and foliage and wood of
broadleaf species, 0.46 for broadleaf foliage, and 0.44 for all
belowground biomass (14, 57). Woody biomass increment of P.
taeda from fertilized plots was reduced by 8% to account for
fertilization-induced density reductions (14). For the other three
sites, methodology has been described (4). Briefly, NPP was
calculated similarly as the sum of annual C increments (designated
as Ix, where x represents specific components) and turnover (des-
ignated as Dx). Thus, NPP � Iwood � Ileaf � Icoarse root � Ifine root �
Dlitterfall � Dfine root. Iwood and Icoarse root were estimated with
site-specific allometry. L production (Dlitterfall) was estimated from
litterfall collectors, and fine-root production was measured with
minirhizotrons and in-growth cores at ORNL-FACE (13) and
POP-EUROFACE (59) and calculated from published rates of
aspen root turnover (60) combined with allometrically derived
standing fine-root biomass at AspenFACE (54). Biomasses were
converted to C with tissue-specific C contents where available; 0.5
was used as a default. Ileaf � 0 in deciduous forests. Contributions
to NPP comprised by herbivory losses and roots exudates were not
included, because they were not available, but herbivory losses were
estimated to be small in both broadleaf and conifer species at the
Duke FACE (61).

ANPP was derived from NPP by subtracting coarse and fine
root production. Fine and coarse root production was taken
from published values for POP-EUROFACE (62), AspenFACE
(54), and ORNL-FACE (13). ANPP� was defined as ANPP plus
aboveground tissue construction respiration (where tissue con-
struction respiration � 0.25 � ANPP; ref. 63). For the deter-

19360 � www.pnas.org�cgi�doi�10.1073�pnas.0609448103 McCarthy et al.



mination of the fraction of ANPP� partitioned to wood, woody
biomass production was taken from published data for POP-
EUROFACE (62) and AspenFACE (54) and calculated for
ORNL-FACE by subtracting published foliage biomass (37)
from ANPP.

For the analyses within the Duke FACE site and the
cross-FACE site analyses, the response of L, NPP, ANPP�, and
the fraction of ANPP� partitioned to woody biomass in relation
to N or LD were assessed through regression analysis. Be-

tween-treatment differences were tested for differences in fit
parameters as well as overall fits by using F test statistics.
Curve fitting and associated statistics were done by using
Proc Reg and Proc Nlin in SAS (Version 8.0; SAS Institute,
Cary, NC).
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57. Schäfer KVR (2002) PhD thesis (Duke University, Durham, NC).
58. Matamala R, Schlesinger WH (2000) Global Change Biol 6:967–979.
59. Lukac M, Calfapietra C, Godbold DL (2003) Global Change Biol 9:838–848.
60. Pregitzer KS, Zak DR, Maziasz J, DeForest J, Curtis PS, Lussenhop J (2000)

Ecol App 10:18–33.
61. Hamilton JG, DeLucia EH, George K, Naidu SL, Finzi AC, Schlesinger WH

(2002) Oecologia 131:250–260.
62. Gielen B, Calfapietra C, Lukac M, Wittig VE, De Angelis P, Janssens IA,

Moscatelli MC, Grego S, Cotrufo MF, Godbold DL, et al. (2005) Tree Physiol
25:1399–1408.

63. Ryan MG (1991) Tree Physiol 9:255–266.

McCarthy et al. PNAS � December 19, 2006 � vol. 103 � no. 51 � 19361

EC
O

LO
G

Y


